The familiar resazurin test used in milk testing has been adapted to the estimation of nisin, using a fast-growing strain of Streptococcus cremoris as test organism. The reproducibility and accuracy of this test compares favourably with the many other assay methods for nisin which use Strep. agalactiae as test organism. Results may be obtained in less than an hour as compared with 15-48 hr. in the other tests and are a measure of bactericidal power only. Aseptic technique during the actual assay procedure is unnecessary. Methods were devised to ensure a suitable standard inoculum, which is imperative for this test. As little as 0.5 unit nish/ml. may be estimated.
Inhibition of reductase activity and acid production by bacteria in milk have been used for the assay of penicillin and streptomycin. Reid & Brewer (1946) used Bacillus subtilis as test organism and added methylene blue as indicator system at the beginning of incubation. Approximate readings were possible after 4 hr. and final readings were taken after 18 hr. Sanchez & Lamensans (1947) used Lactobacillus bulguricus as test organism. Their indicator system was a solution containing methyl red and methylene blue, drops of which were added every 30 min. to control tubes. The test could usually be completed within 24 hr. Hirsch (1950) quotes a similar test as a rough guide for nisin activity? again using methylene blue as indicator, the test organism being a fast-growing strain of Strep. cremoris (1P5). The use of such a very fastgrowing and sensitive organism (about four times as sensitive as Strep. ugulactiue; Hirsch, 1950) makes it difficult to obtain a stable end-point; this is easily overshot if a reasonably accurate and therefore narrow dilution range is chosen. A graded response as obtainable with resazurin as indicator is therefore preferable to the all-or-nothing response of methylene blue. Moreover? methods must be devised to ensure a reasonably constant inoculum with regard to growth phase and number of bacteria. We have attempted to embody these requirements into a method which could be used on a routine scale with a minimum of labour, apparatus and experience. adjusted to pH 6.8 and sterilized by steaming for 30 min. on three successive days.
Resazurin solution. Five tablets weighing 0.12 g. each (Benger's Ltd.) were dissolved in 100 ml. glass-distilled water. Solutions were made up daily; they must be shielded from light.
Standards. A sample of partially purified nisin served as the master standard for all the work to be described. In collaboration with Dr Hirsch, according to the original definition of the nisin unit (Mattick & Hirsch, 1947) and using the original method of assay (dilution method; Mattick & Hirsch, 1947), 10,000 units/mg. have been attributed to this powder. Standards and subsidiary standard powders were stored a t 12'. Fresh standard solutions containing, 10,000 unitslml. were prepared weekly in 0.05 N-HC~ and stored a t 12'.
Samples for assay and diluent. Powders were dissolved in 0.05 N-HC1 and dilutions made in the sterile milk medium given above.
METHODS

Principle.
The rate of reduction of resazurin in milk is indicative of the number of organisms present and was first used by Pesch & Simmert (1929) as a rapid and simple method for grading milk. Davis (1939) developed the test which was eventually made the basis of the official standard method in Great Britain (Ministry of Agriculture & Fisheries, 1943). Non-bacterial reducing systems interfere because of the ejxtreme sensitivity of the dye which, on the other hand, ensures the great rapidity of the method.
Standard inoculation of sterile milk with a nisin-sensitive organism ensures a standard base-line activity modifiable by the action of the antibiotic. Reductase activity of other systems in the milk would raise this base-line, but not interfere with the test. The amount of antibiotic present is clearly indicated by the well-known colour changes of the dye; tubes containing sufficient nisin for the complete inhibition of the test organism show the unchanged blue colour of the control tubes containing the uninoculated sterile milk. Various possible methods were considered, and eventually the following was worked out.
PROCEDURE
Samples of nisin (5-15 mg.) are weighed out (torsion balance) and solutions made up to contain 1 mg./ml. Preliminary dilutions of these solutions are made in sterile milk such that 1 ml. of final dilution contains between 5 and 50 units of nisin. Graded volumes (0.1-1-0 ml. with normally 88 % differences; 10 yo for very accurate work) of this dilution are accurately measured into successive tubes, followed by (on a routine scale) 4.6 ml. of the cold (2-4') inoculated milk. A burette with a wide orifice is used for adding this bulk-inoculated milk, standardized as discussed below. Mixing is achieved by quick tipping of each tube, and the racks are then incubated for 15 min. a t 30'. Not more than two racks (fifty tubes) are prepared by any one worker a t one time because of the quick growth of the test organism. At least one standard series covering the range from 0.5 to 5 unitslml. is included with each set of tubes (two racks, R. Friedmann and C . Epstein fifty tubes). After 15 min. the racks are taken out of the bath (incubator) and 1.0 ml. of resazurin solution added to each tube. This addition must be carried out as quickly as possible, but need not be very accurate. Blow-out pipettes with very large orifices were used. Immediately after each addition the tube must be inverted by an assistant. The racks are then quickly returned to the bath for at least 5 min. to allow for colour development. Incubation is continued until a mauve to mauve-pink coloration is reached in the 1 unitlml. standard tube. At this stage, the tubes are taken out and the colours noted. The following colour range (with the symbols used for scoring) is used : blue, B ; mauve, M; mauve-pink, MP; pink-mauve, PM; strong pink, SP; light pink, LP; white, W. The B + M change gives the most reliable end-point. Blue corresponds for all practical purposes to 'all organisms killed' and is stable in the dark. Evaluation is therefore based on the first mauve tube (next to the last blue tube) as the end-point. The other tubes are, however, also taken into account, and matching may be carried out with the MP or PM tube as the endpoint, although this is more difficult. Under the conditions of the test MP and PM tubes may change to P within 5 min. The P -+ W change is more gradual but reversible, and is therefore contra-indicated as an en'd-point. It may however, serve as a first useful approximation to the true value of the sample. 'W' should not occur in the standard range. The tubes were usually covered with glass caps or metal caps, but may be used uncovered. As the test is completed in 15-20 min. there is no need for aseptic precautions. Table 1 gives a protocol of an actual test.
Choice of inoculated milk for the test
Preliminary trials with the methylene-blue test (Hirsch, 1949) and the resazurin test gave extremely variable results. Not only is it difficult to ensure an optimum population every day, but the correct phase of growth for the action of nisin was at first unknown. Later experiments (see under 'Mode of action') confirmed first impressions that nisin acts on the actively growing organisms only. The following working scheme was devised to ensure reproducibility of population in the correct phase of growth for the purposes of our test, such that the end-point falls within the chosen test range and good colour differentiation is achieved between two neighbouring tubes. Each morning a 2.5, a 5 and a 10 yo inoculum was made in sterile milk from a 24 hr. culture in milk and incubated for 1* hr. at 30°, by which time it was in the log-phase. Further growth was then stopped by cooling in ice water and storing in the ice chest. The milk for the day's use was then chosen in the following manner:
(1) 5 ml. of each batch of milk were added to three test-tubes, l a (10 yo inoculum), l b ( 5 % inoculum) and l c (2.5 % inoculum), followed by 1 ml. of resazurin solution. The contents were quickly mixed by tipping and the colours allowed to develop for 5 min. a t 30'. After this incubation the colours were quickly read and noted. ( 2 ) 0.2 ml. quantities of a 1/20 dilution in sterile milk of a standard solution containing 500 units nisin/ml. were added to tubes 2 a , 2 b and 2c. ( 3 ) 0.15 ml. quantities of the same 1/20 dilution were added to tubes 3a, 3 b and 3 c . ( 4 ) 5 ml. of the 10 yo batch of milk were then added to The inoculated milk of choice was therefore that containing 2.5 yo (v/v) of inoculum, because the resazurin was not reduced in the control tube (no nisin) after 5 min. incubation, and this dilution of inoculum showed the most marked colour difference between the 0-15 and 0.20 ml. doses of the 1/400 dilution of nisin solution, namely B +M.
Test with chosen inoculum size (2.5 yo, v/v) in the given milk
Dilutions of the samples refer to solutions containing 1 mg./ml. Volume of diluted nisin preparation (ml.) Result The tubes were then removed from the water-bath, 1 ml. of the resazurin solution added to each tube, the contents mixed once more and returned to the bath for another 5 min. The colours were then noted. The milk of choice should be such that one of the tubes in (1) contains enough organisms to impart a pinkish tint while the next tube, containing milk inoculated with half the number of organisms, should not show any pink tints.
R. Friedrnann and C . Epstein
None of the tubes in (2) or (3) must go white. If that does happen, a 1/2 dilution in sterile milk may be resorted to and a fresh start made, although such a procedure has not always been satisfactory. The pair of tubes (2a-3a or  2 b-3 b or 2 c-3 c) showing the biggest difference in colour indicates the optimum growth phase and contains usually the batch of milk giving MP tint in (I). This milk is chosen for the day's use and maintained a t 8-10'. It may, if necessary, be used also on the following day if kept in the refrigerator, but will certainly give slightly more reduction, i.e. shorter incubations will be necessary; it is always kept in the refrigerator except when actually adding it to the test solutions, Table 1 contains a protocol of an actual test. 
Mode of action of nisin
Viable counts were taken after leaving 1-2 units nisinlml. in contact with: ( a ) freshly inoculated milk at 15' (Fig. 1) ; ( b ) freshly inoculated milk a t 30'; (c) the same milk after 14 hr. incubation at 30'. The organisms in ( a ) were thus in the lag-phase throughout the time of contact, while those in (b) were allowed to proceed into the log-phase during contact. Organisms in ( c ) started contact with nisin in the log-phase. Fig. 1 shows that, as expected, no significant decrease occurred in the viable counts during the lag-phase. These results were confirmed (Table 2) in a repeat of the experiment with a lower initial cell count in the presence of 2 units nisin/ml. In experiment ( b ) , the total viable. count in fact increased within 30 min. incubation a t 30' from 4-7 x 106 viable cellslml. to 900 x lo6 viable cells/ml. despite the presence of 10 units nisinlml. After 2 hr. incubation, i.e. after about 30 min. contact of cells in the log-phase with nisin (intermediate counts not taken), the count dropped to < 10,000 cells/ml. In experiment (c), a rapid decrease in count occurred within 10 min. (Table 3) . Mattick & Hirsch (1947) noted that Strep. agalactiae was killed within 10 min. The present tests therefore suggest that nisin exerts its bactericidal action on the actively-growing organisms only. Hirsch's finding (1950) that nisin delays the lag-phase, implying that there is some action on the resting bacteria, may have been a reflexion of the speed with which nisin kills organisms entering the log-phase. This would cause an apparent lag-phase.
Accuracy of the test
Powder 138A was assayed 21 times giving a mean value of 25,800 units/mg. and a standard deviation for a single determination of 5740. The standard error was 2500 (P =0.95) or 10 %. Calculations of the standard error for a period of over a year of routine testing showed variations from between +7 and f 20 % for six repeat assays, and with percentage differences of about 33 % between any two consecutive tubes (as illustrated in Table 1 ). Repeats carried out by one experienced tester only, usually yield absolutely reproducible results on the given (wide) scale. In order to obtain a measure of the possible accuracy of the test, percentage differences were adjusted to 10 yo for a given powder which was assayed every day for 2 weeks. A factor of 10 % represents the limits for colour assessment. A standard deviation of 10.7 yo and a standard error of 6.8 yo (P = 0.95) was obtained for the ten repeats (cf. Table 5 , blend M).
Adaptation for use as a serial dilution test in micro-tubes
The possibility for a rough test in micro-tubes (75 x 8 mm.) was investigated, using a modified procedure. The resazurin was incorporated in the inoculated milk used in the serial dilutions. The desirable mauve end-point cannot be obtained under these conditions and we had to rely on the less stable 54-2 pink +white end-point. However, in practice it was found that this end-point is very much more stable in micro-tubes (since there is a very small surface exposed to air) than in the 15 x 1-8 cm. test-tubes usually used; in fact, colours remained unaltered for up to 6 hr. at 30'. On incubation overnight the contents of some of the tubes solidified, giving an additional end-point.
The following procedure was worked out.
(1) Dilutions are made in sterile milk. The samples are diluted to contain about 100 units/ml. (2) To 100 ml. inoculated milk (at 2-4') 20 ml. of resazurin solution (prepared as in the macro test) are added. The mixture should exhibit a mauve tint. When the colour turns pink immediately, too many organisms are present and further dilution with sterile milk may be made. The accuracy of this test is low, but reproducibility is good and it is a very convenient test for quick assessment. Samples of low unitage cannot, however, be assayed by this method, and no attention should be paid to the first three tubes, since acids and other interfering substances may not be sufficiently diluted out.
The effect of impurities on the assay Hirsch (1950) stated that culture fluids containing nisin are very much more difficult to assay by the lag-phase method than are pure nisin preparations. It is obvious that such interference must be expected in a diffusion type of assay and was indeed found. When assaying penicillin solutions, it is possible to destroy the antibiotic by a penicillinase and then to test the effect of the medium alone on the test. This is not possible with nisin since so far a 'nisinase' has not been found. We therefore carried out the following experiment. Our standard solution of nisin (10,000 unitslml.) was diluted 20-fold with ( a ) 0.05 N-HC~ ; (b) culture medium before inoculation as used in the large-scale production of nisin; ( c ) culture fluid after nisin fermentation, assaying 600 units/ml. ; ( d ) fermented culture fluid taken on an occasion when the fermentation had accidentally gone wrong and vigorous growth of producer organism had taken place without nisin formation. The assay result showed 500 units/ml. in cases (a), (b) and ( d ) and 1000 units/ml. in case (c), indicating that neither fermented nor sterile broth interfered with the test, 'nor the substances produced during the abnormal fermentation. It has been confirmed many times that the dilution, diffusion and lag-phase methods tend to give irregular results with crude culture fluids, while the resazurin method (macro test) usually gave results which were confirmed afterwards by the nisin yields obtained from the cultures.
InJuence of acetone-HCZ. During preliminary isolation experiments of nisin from fermented liquors, charcoal columns were eluted with 65 yo (v/v) method (Mattick & Hirsch, 1947) has been used as a routine by us for several years. Unfortunately, under the conditions of the test, nisin is very readily and strongly adsorbed on to the glass walls (or to impurities sticking to the glass walls). As much as 2 units/ml. have been yielded up to sterile fresh broth placed in such vessels. Even boiling with detergents and alkaline or acidoxidizing agents has not always been successful in removing the antibiotic, and the continuous use of new tubes is impracticable on a routine scale. The Zagphase method (Hirsch, 1950) has proved even worse on a routine scale. Its name is a misnomer: special precautions are taken to ensure that the test organism is in its most actively growing phase at the beginning of the test. It is also stated that finally 'the response due to the formation of resistant strains ' was ' preferred to the lag-phase response '. In our opinion, however, this production of resistant strains constitutes only a modifying feature superimposed upon the usual direct bactericidal action of nisin on organisms in the log-phase (see Fig. 1 ). The test necessitates pH measurements within 0.1 of a pH unit, and the length of incubation has to be timed very accurately to obtain maximum differences of acidity between any two nisin concentrations. The response due to formation of resistant strains and that due to killing of the sensitive cells run in opposite directions, and the process of acid production is self-limiting; eventually all the cultures reach the same pH. I n the diflusion method (Friedmann & Beach, 1950) diffuse zones were a t times obtained with impure powders (similar interferences quoted for the lag-phase method) and the routine range is rather higher (100-1000 units) than in the other methods, although solutions down to 10 units/ml. could be assayed on a different range.
The test has proved suitable for measuring nisin in body fluids (Bavin, Falconer, Friedmann & Robson, 1951) . The short duration of the test militates against interference due to the formation of resistant strains (necessarily forming a mixed population in all the other tests) or to the growth of contaminating bacteria. This speed has also been an advantage in stability testing since inactivations due to assay conditions are decreased to a minimum. It must, however, be emphasized that the strict standardization described is of paramount importance.
In Table 5 statistically analysed results for the four assay methods have been computed for nisin of varying degrees of impurity, and also crude culture fluids containing nisin. As far as the bulk of our assays over a period of about 2 years go, we feel justified in saying that no significant differences exist between the results obtained by the different methods, which thus all appear to measure the same entity. Apparent differences could usually be traced to different degrees of accuracy.
